Abstract: By modifying the accumulative roll-bonding (ARB) procedures, accumulative roll-bonding (ARB) processing up to 30 cycles (N) with a 50% thickness reduction per cycle (equivalent strain = 24) at room temperature was conducted on pure copper. The bonding condition, microhardness and electrical conductivity of the ARBed Cu were studied. Results showed that good bonding condition of the samples was achieved. As N increases, the microhardness of ARBed Cu increases, reaching 2.9 times that of annealed Cu for N = 30. The electrical conductivity of ARBed Cu decreases slightly but with periodic fluctuations for N > 10, with a minimum of 90.4% IACS for N = 30. Our study indicated that ARB can be an effective way to produce high-hardness and high-conductivity pure copper better than or comparable to Cu alloys and Cu based composites as reported.
Introduction
High-strength and high-conductivity materials are highly needed in industries for manufacturing lead frames, electric resistance welding electrodes, contact wires, etc., among which copper alloys are the most widely used [1] [2] [3] . While element alloying can increase the strength of copper effectively, great sacrifices in electrical conductivity are also induced [4] .
Accumulative roll-bonding (ARB) has been an effective method to induce significant microstructural refinement and material strengthening by deforming metals and alloys to very large plastic strains [5] . It was reported that the hardness of tough pitch copper (99.9%) processed by eight cycles (N) of ARB was 2.7 times that before ARB [6] . The reduction in electrical conductivity of ARBed Cu-0.02%P and Cu-0.15%Fe-0.02%P with an equivalent strain of 8.9 was less than 10% IACS (International Annealed Copper Standard) [7] . However, in previous studies, the ARB process applied to pure copper mostly had less than 10 cycles (equivalent strain < 9) because of the initiation of large cracks in samples at large strains [8, 9] . The properties of Cu subjected to ultrahigh strains remain therefore unclear based on previous studies. Therefore, it is of great interest to investigate the properties of pure copper deformed by ARB to ultrahigh strains.
In this study, we successfully conducted up to 30 cycles of ARB with a 50% thickness reduction per cycle (equivalent strain = 24, far beyond those in previous studies) on pure copper by modified ARB procedures. The bonding condition, microhardness and electrical conductivity of the ARBed Cu were investigated. The importance of this study is to validate the capability of the modified ARB processing of Cu to vary high N, and to check the variation of properties of ARBed Cu with N up to 30.
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Experimental Procedure
Pure Cu (99.97%) sheets (Luoyang Copper Co., Ltd., Luoyang, China) with 1 mm in thickness were used in this study. As-received sheets were annealed in Ar atmosphere at 600 °C for 2 h before being cut into strips with dimensions of 200 mm L × 10 mm W × 1 mm T . The schematic of the modified ARB process is shown in Figure 1 . As shown in Figure 1 , the top surface of the Cu strip was wire-brushed and degreased by acetone. Unlike prior ARB procedures in literature, the Cu strip was folded in half by pliers instead of being cut in half, and then sandwiched in a stainless steel envelope. The envelope was made by folding a stainless steel plate with dimensions of 400 mm L × 100 mm W × 0.5 mm T in half and then rolling it with no thickness reduction. The sample in the envelope was then roll-bonded with a 50% reduction in thickness at room temperature without lubrication, at a rolling speed of 187 mm/min using a two-high rolling mill. The above procedures were repeated to the intended N and ARBed Cu samples with N = 1-30 were fabricated respectively. The equivalent strain imposed on samples was calculated as approximately 0.8 N [8] . To investigate the bonding condition of the ARBed samples, the rolling direction-normal direction (RD-ND) plane of each sample was observed. Microhardness of the samples was measured on the rolling direction-transverse direction (RD-TD) plane of each sample with a load of 100 gf and a duration of 10 s using a HXS-1000A microhardness tester (Shangguang Microscope Co., Ltd., Shanghai, China). Each data represents an average of ten randomly selected points. Electrical conductivity was measured on the RD-TD plane by an eddy-current electrical conductivity meter (FQR7501A, Xingsha Instrument Co., Ltd., Xiamen, China). Each piece of data represents an average of three measurements.
Results and Discussion
In the conventional ARB process, the roll-bonded sample is cut in half, stacked after surface treatment, and then rolled [5] . However, the independent upper layer and lower layer of the stacked sample can move freely during rolling, which will make the two layers diverge. The overlapping part and non-overlapping part of the two layers thus have different deformations, which facilitate the initiation and propagation of cracks in the sample, leading to the failure of the sample. To overcome this problem, fastening the four corners or two ends of the sample by wires was used in some studies [8, 10] . The maximum cycle that can be performed was still limited as the large force during rolling could easily overcome the fastening. In this study, the Cu strip was folded as a whole To investigate the bonding condition of the ARBed samples, the rolling direction-normal direction (RD-ND) plane of each sample was observed. Microhardness of the samples was measured on the rolling direction-transverse direction (RD-TD) plane of each sample with a load of 100 gf and a duration of 10 s using a HXS-1000A microhardness tester (Shangguang Microscope Co., Ltd., Shanghai, China). Each data represents an average of ten randomly selected points. Electrical conductivity was measured on the RD-TD plane by an eddy-current electrical conductivity meter (FQR7501A, Xingsha Instrument Co., Ltd., Xiamen, China). Each piece of data represents an average of three measurements.
In the conventional ARB process, the roll-bonded sample is cut in half, stacked after surface treatment, and then rolled [5] . However, the independent upper layer and lower layer of the stacked sample can move freely during rolling, which will make the two layers diverge. The overlapping part and non-overlapping part of the two layers thus have different deformations, which facilitate the initiation and propagation of cracks in the sample, leading to the failure of the sample. To overcome this problem, fastening the four corners or two ends of the sample by wires was used in some studies [8, 10] . The maximum cycle that can be performed was still limited as the large force during rolling could easily overcome the fastening. In this study, the Cu strip was folded as a whole for rolling. The folding end of the sample greatly limited the relative movement of the upper and lower layers of the sample during rolling. The stainless steel envelope further fixed the sample and homogenized the force during Metals 2016, 6, 115 3 of 7 rolling. As a result, the crack of samples was inhibited and up to 30 cycles of ARB with a 50% thickness reduction per cycle (equivalent strain = 24) were successfully conducted on a copper sample at room temperature without intermediate annealing.
Microstructures of the RD-ND planes of samples with various N (N = 1, 5, 10, 20 and 30) and annealed Cu before ARB (N = 0) are shown in Figure 2 . In contrast to the clear grain boundaries in Figure 2a , it is difficult to recognize the individual grains in Figure 2b -f as the grains have been severely deformed and significantly refined by ARB [5] . According to previous studies, the grains of ARBed Cu have been significantly refined, with an average grain size of~260 nm-300 nm for N = 6-8 [5, 11] . In this study, the optical micrographs are used to illustrate the bonding condition of ARBed samples on a relatively large scale, which is crucial for bulk structural materials. For ARBed samples, the theoretical number of interfaces between Cu layers is 2 N´1 (for N = 30, the theoretical number of interfaces is as large as 10 9 ). In Figure 2 , no interfaces between the un-bonded layers can be seen, indicating the excellent bonding condition of the ARBed Cu samples. for rolling. The folding end of the sample greatly limited the relative movement of the upper and lower layers of the sample during rolling. The stainless steel envelope further fixed the sample and homogenized the force during rolling. As a result, the crack of samples was inhibited and up to 30 cycles of ARB with a 50% thickness reduction per cycle (equivalent strain = 24) were successfully conducted on a copper sample at room temperature without intermediate annealing.
Microstructures of the RD-ND planes of samples with various N (N = 1, 5, 10, 20 and 30) and annealed Cu before ARB (N = 0) are shown in Figure 2 . In contrast to the clear grain boundaries in Figure 2a , it is difficult to recognize the individual grains in Figure 2b -f as the grains have been severely deformed and significantly refined by ARB [5] . According to previous studies, the grains of ARBed Cu have been significantly refined, with an average grain size of ~260 nm-300 nm for N = 6-8 [5, 11] . In this study, the optical micrographs are used to illustrate the bonding condition of ARBed samples on a relatively large scale, which is crucial for bulk structural materials. For ARBed samples, the theoretical number of interfaces between Cu layers is 2 N − 1 (for N = 30, the theoretical number of interfaces is as large as 10 9 ). In Figure 2 , no interfaces between the un-bonded layers can be seen, indicating the excellent bonding condition of the ARBed Cu samples. The microhardness of the ARBed Cu as functions of both N and corresponding equivalent strain is shown in Figure 3 . As shown in Figure 3 , the microhardness of ARBed Cu increases with increasing N, but with a reduced rate accompanied by fluctuations from N = 5 to N = 30. Microhardness of the ARBed Cu sample with N = 30 is 140.1 HV, ~2.9 times that of initial annealed Cu. The evident increase of the microhardness of ARBed Cu mainly results from the strengthening effect due to accumulation of lattice defects and significant grain refinement at ultrahigh strains [6, 12, 13] . The reduced rate of the increase of microhardness of ARBed Cu with increasing strain can be attributed to the balance of the strengthening effect of strain hardening, fine grain boundary hardening and the softening effect of dynamic recovery [7, 14, 15] . The microhardness of the ARBed Cu as functions of both N and corresponding equivalent strain is shown in Figure 3 . As shown in Figure 3 , the microhardness of ARBed Cu increases with increasing N, but with a reduced rate accompanied by fluctuations from N = 5 to N = 30. Microhardness of the ARBed Cu sample with N = 30 is 140.1 HV,~2.9 times that of initial annealed Cu. The evident increase of the microhardness of ARBed Cu mainly results from the strengthening effect due to accumulation of lattice defects and significant grain refinement at ultrahigh strains [6, 12, 13] . The reduced rate of the increase of microhardness of ARBed Cu with increasing strain can be attributed to the balance of the strengthening effect of strain hardening, fine grain boundary hardening and the softening effect of dynamic recovery [7, 14, 15] .
Variation in microhardness of tough pitch copper (99.9%) processed by eight-cycle ARB reported by Shaarbaf et al. [6] is also shown in Figure 3 for comparison. The normalized hardness (ratio of the final microhardness to initial microhardness) of ARBed tough pitch copper with N = 8 is 2.7. The same ratio is obtained for ARBed Cu with N = 5 in the present study, and the ratio for ARBed Cu with N = 30 is 2.9. We found that the most evident increase in the microhardness of ARBed Cu occurred for N ď 5 in present study. Further deformation by ARB to N = 30 only brought slight increase in microhardness, which clearly indicates that the strengthening effect on pure copper induced by ARB has an upper limit. Meanwhile, the continuous increase of microhardness up to N = 30, although with much less evidently for N = 5-30, indicates the good bonding condition and intactness of the ARBed Cu samples with very high N since possible debonding and cracking in samples can induce significant decrease of hardness and electrical conductivity when N is very large. Variation in microhardness of tough pitch copper (99.9%) processed by eight-cycle ARB reported by Shaarbaf et al. [6] is also shown in Figure 3 for comparison. The normalized hardness (ratio of the final microhardness to initial microhardness) of ARBed tough pitch copper with N = 8 is 2.7. The same ratio is obtained for ARBed Cu with N = 5 in the present study, and the ratio for ARBed Cu with N = 30 is 2.9. We found that the most evident increase in the microhardness of ARBed Cu occurred for N ≤ 5 in present study. Further deformation by ARB to N = 30 only brought slight increase in microhardness, which clearly indicates that the strengthening effect on pure copper induced by ARB has an upper limit. Meanwhile, the continuous increase of microhardness up to N = 30, although with much less evidently for N = 5-30, indicates the good bonding condition and intactness of the ARBed Cu samples with very high N since possible debonding and cracking in samples can induce significant decrease of hardness and electrical conductivity when N is very large.
Ductility is critical, especially for metals prepared by high-strain deformation. As for the ductility of ARBed Cu, Shaarbaf et al. [6] reported that the elongation of ARBed tough pitch copper (99.9%) decreases from ~50% to ~2% in the 1st cycle and then increases up to ~6% with N = 8. Jang et al. [11] reported a similar phenomenon that the elongation of ARBed Cu decreases greatly in the 1st cycle and then shows a gradual increase in following cycles, suggesting that the strain hardening alone can not explain this phenomenon. The effect of ultrahigh strains on the ductility of ARBed Cu is two-fold, i.e., it can induce loss in ductility due to strain hardening and induce increase in ductility due to dynamic recovery. However, further study is needed to clarify this point. On the other hand, for applicants that require a combination of high microhardness and electrical conductivity, e.g., lead frames and welding electrodes, the ductility may not be a main requirement. For example, the elongations of C19400, NK-120 and C70250 used for lead frames are 4%-5%, 5% and 2%-6% respectively [1, 16] . Thus, the ARBed Cu in the present study can be a potential candidate for these applications despite the reduced ductility. Figure 4 illustrates the electrical conductivity (σ) of the ARBed Cu versus N as well as corresponding equivalent strain. As shown in Figure 4 Measured data of pure copper Measured data of tought pitch copper [6] Normalized data of pure copper Normalized data of touch pitch copper [6] Microhardness ( Ductility is critical, especially for metals prepared by high-strain deformation. As for the ductility of ARBed Cu, Shaarbaf et al. [6] reported that the elongation of ARBed tough pitch copper (99.9%) decreases from~50% to~2% in the 1st cycle and then increases up to~6% with N = 8. Jang et al. [11] reported a similar phenomenon that the elongation of ARBed Cu decreases greatly in the 1st cycle and then shows a gradual increase in following cycles, suggesting that the strain hardening alone can not explain this phenomenon. The effect of ultrahigh strains on the ductility of ARBed Cu is two-fold, i.e., it can induce loss in ductility due to strain hardening and induce increase in ductility due to dynamic recovery. However, further study is needed to clarify this point. On the other hand, for applicants that require a combination of high microhardness and electrical conductivity, e.g., lead frames and welding electrodes, the ductility may not be a main requirement. For example, the elongations of C19400, NK-120 and C70250 used for lead frames are 4%-5%, 5% and 2%-6% respectively [1, 16] . Thus, the ARBed Cu in the present study can be a potential candidate for these applications despite the reduced ductility. Figure 4 illustrates the electrical conductivity (σ) of the ARBed Cu versus N as well as corresponding equivalent strain. As shown in Figure 4 σ decreases only slightly with increasing N. For N = 30, σ of the ARBed Cu is still 90.4% IACS, only 8.7% IACS smaller than initial annealed Cu (N = 0). Most interestingly, we observed evident periodic fluctuations in the σ of ARBed Cu for N > 10. Such fluctuations are believed to be associated with alternating accumulation and annihilation of lattice defects. When Cu is deformed by ARB to high strains, accumulation of lattice defects (e.g., dislocations) can induce a decrease in the electrical conductivity. Meanwhile, dynamic recovery can induce an increase in the electrical conductivity due to annihilation of defects. Usually, dynamic recovery is driven by the increase of strain energy to a critical level. After dynamic recovery, the strain energy in the sample is released and then further accumulation of lattice defects is possible. This may lead to the alternating decrease and increase of lattice defects during the deformation of the sample, which will induce the alternating decrease and increase of the electrical conductivity. Nevertheless, further study, e.g., a direct characterization of the lattice defects is needed to clarify this point.
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Conclusions
By modifying the ARB procedures, we successfully conducted ARB processing up to 30 cycles with a 50% thickness reduction per cycle (equivalent strain = 24) at room temperature on pure copper. We found that good bonding condition was achieved for the ARBed samples. The microhardness of ARBed Cu samples increases rapidly at first and then is almost saturated from the 5th cycle to the 30th cycle,~2.9 times that of the annealed pure copper for N = 30. The electrical conductivity decreases with increasing N, all larger than 90% IACS for various N. The variations of microhardness and electrical conductivity with ARB strains can be understood considering the strengthening effects due to accumulation of lattice defects and significant grain refinement and the softening effect due to dynamic recovery. The ARBed Cu has a better combination of strength and electrical conductivity than common Cu alloys, and is even comparable to Cu matrix composites reinforced by GNPs or CNTs. Our study indicates the effectiveness of ARB processing for fabrication of high-strength and high-conductivity pure copper.
